We used an ultraviolet-ozone (UVO) cleaner to create substrates for atom-transfer radical polymerization (ATRP) with varying surface initiator coverage. We collected complementary time-of-flight secondary ion mass spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS) measurements to investigate the precise chemical origin of the variation in grafting density. At short exposure times, the atomic composition underwent minor changes except for the relative amount of bromine. At longer UVO exposure times, there is clear evidence of exposure-dependent surface initiator oxidation. We interpret these data as evidence of a bromine 2 ablation process within the UVO cleaner, with additional oxidative modification of the rest of the surface. We then used these substrates to create a series of poly(methyl methacrylate) (PMMA) brushes varying in grafting density, demonstrating the utility of this tool for the control of polymer brush density. The measured brush grafting densities were correlated with the bromine concentration measured by both ToF-SIMS and XPS. XPS and brush thicknesses correlate strongly, following an exponential decay with a half-life of (18 ± 1) s.
Introduction
Grafting density, the number of tethered chains per unit area, is a key parameter in determining the configuration and behavior of an end-tethered polymer film. 1 In the specific case of solvated films, interaction with the solvent and surface dominate the segment density profile at low grafting densities, 2 while at high grafting densities, inter-chain interactions work together with the solvation effects to determine the overall configuration. 3, 4 It is not straightforward to target low and high grafting density regimes with a single polymerization strategy. Therefore, we seek a one-step, controllable method to vary grafting density between these regimes.
Surface-initiated atom transfer radical polymerization (SI-ATRP) is a widely used technique for the synthesis of high grafting density, end-tethered polymer films -"polymer brushes" 5 -due to the flexibility, simplicity, and ease-of-access of the technique. 6, 7 In SI-ATRP, chains are initiated from sites bearing an appropriate halogen-bearing moiety. 7 In an idealized synthesis, the grafting density of a brush would be equal to the surface density of halogen atoms in an initiator layer. In real syntheses, however, the grafting density is actually less and is considered to be proportional to the surface density of halogen atoms, with the main factors, such as Cu(II)Br2 or reducing agent concentration, contributing to the proportionality being lumped in to the "initiation efficiency." 8 In some applications, one may wish to control the grafting density of a brush by controlling the 3 density of initiation sites. It is possible to reduce the density of initiation sites by simply depositing less initiator on the surface, but the methods of doing so present some challenges.
One method to reduce grafting density is to exert kinetic control of the deposition process, essentially halting the synthesis early. This is conceptually simple; however, we may expect deviations from a linear dependence of grafting density on deposition time, and a resulting film that may not be homogenous. Furthermore, if the film is a sub-monolayer or has gaps, the substrate chemistry remains exposed, which may be undesirable in some situations.
A similar idea is to deposit a complete initiator film and then chemically deactivate the initiating moiety. In the case of bromine, nucleophilic elimination or substitution are plausible options. 9 Historically, researchers have been interested in replacing halogens with active moieties like azide, 10,11 but relatively inert options like hydroxide exist as well. 12 This method carries many of the disadvantages of the kinetic control method.
Another method to reduce grafting density is to "dilute" the initiator film with an inert molecule.
This has been used widely, according to Barbey et al. 13 (See section 2.2.8 and references therein).
As an example, consider the deposition of an equal parts mixture of aminopropyltriethoxysilane and propyltriethoxysilane. If the inert molecule is similar enough to the initiator that one can assume equal reactivity, solubility, and surface coverage per molecule, we should expect a film with half the surface density of amino groups of a pure amino silane deposition. However, these assumptions are not generally valid 14, 15 so the dependence of grafting density on solution composition may be complicated.
Wu et al. have varied and studied grafting density by circumventing the notion of grafting density control and instead created grafting density gradients, 16, 17 where the grafting density (or molecular mass) of the brush is some smooth function of position on the substrate that depends on 4 experimental conditions, e.g., the diffusion of chlorosilane vapor across a reaction chamber.
Measurements performed after the polymerization from the gradient can then reveal the grafting density profile. 20 These UVO processes have the interesting characteristic that they offer precise, programmable spatial control, unlike the other gradient production strategies mentioned above.
In this work, we describe and evaluate a new method of controlling the grafting density of polymer brushes grown via SI-ATRP using timed UVO treatment of the substrate prior to polymerization. We show that this treatment has the effect of eliminating or rendering inert the active halogen initiator sites, as shown schematically in Figure 1 . Although this method is inspired by the aforementioned gradient studies, we use it here in a batch mode for simplicity, and for the purpose of creating larger surfaces for measurement methods that require bigger sampling volumes. UVO exposure has been use to eliminate surface initiators from regions in a pattern using a photomask, 15, 21 but not with limited exposure to modify grafting density in a controlled fashion. After exposing the samples to UVO over controlled time intervals, we investigated the ATRP surface initiator (Br-SI) films with ToF-SIMS and X-ray photoelectron spectroscopy (XPS) in order to gain insight into the nature of the UVO promoted chemical 6 transformation, and studied the correlation between those measurements and the properties of brushes grown from comparable functionalized substrates.
Experimental Section

SI-ATRP
The surface initiator 11-(trichlorosilyl)undecyl 2-bromo-2-methylpropanoate (Br-SI) was synthesized and deposited on fresh, UVO-cleaned, N-doped (100) Si wafers from University
Wafer as reported elsewhere. 7, 22 Br-SI-coated wafers were stored in the dark submerged in toluene to protect of the film from light and contamination until use. The SI-ATRP polymerization was also conducted as reported earlier, 22 except the duration of the reaction was 2 h and no solution phase ATRP initiator (ethyl α-bromoisobutyrate) was used.
UVO Treatment
Oxidation treatments were performed by placing the film-coated silicon wafers in a Jelight UVO Cleaner model 342, with the sample at a nominal 3 mm sample distance from the grid lamp, which was operating at nominally 32 mW/cm 2 at 253.7 nm. Wafers were placed in the chamber on top of a 3 mm glass shim, with the platform at the highest setting. The cleaner was activated for at least 10 min before use to warm the lamp. Samples were removed or inserted as quickly as possible (~ 2 s to 3 s) to minimize cooling of the lamp between treatments. Some transient effect over short (e.g., 10 s) treatments is anticipated and unavoidable.
X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD spectrometer with a monochromated Al Kα source operating at 1486.6 eV and 140 W. The base pressure of the sample analysis chamber was ~ 2.0 × 10 -9 Pa, and spectra were collected from a nominal spot size of 300 µm × 700 µm. The 1487 eV X-rays used in XPS cause continual bromine ablation over a wide, ill-characterized region of the sample surface during measurement (See Figure S1 in the supporting information.) Therefore, the sample was exposed only at two spots on the sample for a total count time of only 4 min each. Atomic composition was determined from survey scans over a binding energy range of (0 to 600) eV, pass energy of 160 eV, step size of 0.5 eV and dwell time of 0.1 s. Peak fitting was performed on high resolution scans of the C 1s
and Br 3d regions collected using a pass energy of 20 eV, step size of 0.1 eV and sweep time of 60 s. All XPS data analysis was performed using the CasaXPS software package.
Time-of-flight secondary ion mass spectrometry
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were performed using an Iontof IV instrument equipped with a 15 keV Bi3 + analysis source oriented at an angle of 45°. The ion source was operated at a current of 0.04 pA, pulsed at 10 kHz, and rastered within a 500 µm × 500 µm area to acquire mass spectra in both positive and negative polarities. Figure S7 and Figure S8 in the supporting information).
Variable angle spectroscopic ellipsometry
Film and brush thicknesses were measured by variable angle spectroscopic ellipsometry (VASE). VASE was conducted on a J.A. Woolam spectroscopic ellipsometer M2000 with spectral scans from 200 nm to 1000 nm and at 65°, 70°, and 75°. Library refractive index data were used to fit the thickness of PMMA layers. The initiator layer was assumed to behave as a Cauchy material with parameters A = 1.45, B = 0.01, C = 0. Br-SI initial film thickness was (5.5 ± 0.1) nm by ellipsometry. The initiator layer thickness at each oxidation time was calculated using the C 1s
signal from X-ray photoelectron spectroscopy. The C 1s signal was normalized to the Br-SI initial 8 film thickness, multiplied by the difference between the initial film thickness and the final "brush" thickness (1.9 ± 0.3) nm. This thickness for the degraded initiator was then subtracted from the ellipsometric thickness of the entire film to yield just the thickness of the PMMA brush layer.
Contact angle
Advancing water contact angles were collected using image analysis on backlit images of 2 μL drops of deionized water taken with a JAI BM500GE camera with Computar lens (working distance 90 mm).
Results and Discussion
XPS
XPS is a powerful tool for the inspection of the atomic and chemical composition of the first ~ 8 nm of surfaces. However, we are predominantly interested in the surface density of bromine, which poses some challenges for quantitative measurement by XPS, namely that the hard X-rays cause bromine ablation during measurement (see Figure S1 in the supporting information).
Therefore, we minimized scan time, resulting in a consistent loss of about 12 % of the bromine signal. As an unfortunate side-effect, this substantially limits the signal to noise ratio of the data, making precise component fitting challenging. Fortunately, the Br 3d peak appears strongly at about 71 eV, well separated from other signals (see Figure S5 in the supporting information). We can use this peak to obtain a relative surface density of bromine across one UVO treatment batch.
A representative UVO treatment series is shown in Figure 2 . The peak area always shows a decreasing trend with respect to UVO treatment time that appears to be well approximated by an exponential decay, which would be consistent with a first-order bromine ablation reaction during UVO treatment. We estimate from this the overall bromine halflife of (20.9 ± 1.1) s from the series in Figure 2 . We reproduced this treatment across three other Figure S6 in the supporting information.) We performed all the rest of the data analysis and collection only on the Br-SI batch displayed in Figure 2 with a half-life of 21 s.
The C 1s signal (also shown in Figure 2 ) does not track the Br 3d curve exactly. It reduces only slowly at first, and then faster with longer oxidation time. We speculate that multiple oxidation reactions are necessary to transform the CH3 and CH2 groups of Br-SI into oxidized species that may escape, such as CO2. We expected C-Br bonds, being the most labile in our system (bonddissociation energy ≈ 272 kJ/mol vs 340 to 370 kJ/mol for C-C), 12 to be cleaved first, and these data seem to bear that hypothesis out to an extent. Since the ability to initiate ATRP solely depends on the presence of the alkyl halide, this was also treated as a closer approximation of initiating power of a substrate after a given exposure time.
ToF-SIMS
ToF-SIMS provides molecular information from the analyzed surface with an information depth of roughly 3 nm to 5 nm, 23 making it another powerful technique to study the Br ablation with UVO exposure time. This technique provides semi-quantitative information for systems with consistent surface chemistries, 24, 25 such as the one being studied here. As can be seen in Figure 3 , the 79 Br -signal shows an exponential decay as with the XPS data, but with a measured bromine half-life of (34.6 ± 0.4) s. This discrepancy with the XPS reported half-life is possibly due to the interaction of the fitting weights from measurement error and the slightly faster-than-exponential drop over the first 20 s. 12 CHO2 -in Figure 4 are not present in either the virgin or ablated films, but seem to be generated during the UVO process. 
Contact angle
Complimentary advancing water contact angle data for the UVO treatment time series demonstrated a decreasing contact angle with increasing UVO treatment ( Figure S9 ). While increasing hydrophilicity with exposure to UVO is expected, the correlation between these measurements and ToF-SIMS/XPS was limited. Figure S Because the measurement of contact angle represents a composite property of many factors that determine hydrophilicity, quantitative correlation of this value to prevalence of a specific chemical species would be inappropriate.
Contact angle was used as a qualitative check on the accumulation of other products of the surface oxidation.
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SI-ATRP
We now investigate the effect of UVO treatment on the properties of brushes grown from Br-SI films. PMMA brushes grown in the same reaction solution from one batch of Br-SI films vary in thickness depending on the extent of UVO treatment. As seen in Figure 5 , the trend is apparently exponential, and with a similar half-life to the one seen in the bromine signals of XPS and ToF-SIMS, (18 ± 1) s. By 100 s, the thickness of the brush has fallen below the experimental noise level and in fact are calculated to be slightly negative via the spectroscopic ellipsometry fit. It may be possible to detect the presence of some grafted chains after 100 s by another technique, but at this point we cannot demonstrate control of thickness below 3 nm (11 % of the thickness of the brush grown from the untreated film). If we assume that grafting density plays little or no role in determining the final degree of polymerization, or the average density, of the PMMA brush chains, then this trend in thickness can be ascribed directly to variation in grafting density via dimensional analysis:
Here, is the grafting density in chains per nm 2 , ℎ is the thickness of the dry brush, is the density of the brush, usually taken to be equal to the bulk density of the free polymer, is
Avogadro's number, and is the number average molar mass of the end-tethered polymer chains.
After linking thickness and grafting density in this way, Figure 5 serves as a demonstration that UVO treatment of Br-SI films can be used to vary the grafting density by reducing the amount of active bromine sites. Since the polymers are tethered to the surface, we have not measured for this brush, so although Equation 1 would hold for all our results, we are unable to directly calculate a number for grafting density. We can, however, compare the brush grafting densities to the XPS and SIMS bromine density results by a judicious normalization of the data.
The integrated Br 3d area measured in XPS and the intensity of the 79 Br -bromine peak signal measured in ToF-SIMS are proportional to the bromine density on the surface, and therefore also proportional to grafting density assuming equal reactivity and initiation rates of each bromine on the surface. Likewise, the thickness of the dry brush is proportional to grafting density according to Equation 1. Let us collectively term these measurements . Then:
We have argued that each measurement is well described by an exponential decay with fitted prefactor 0 and half-life ½ :
We now define a normalized grafting density that should overlap for each measurement:
bringing the data from VASE, ToF-SIMS, and XPS into the same scale without giving too much weight to the initial point. This treatment results in Figure 6 and shows the degree to which bromine removal measurements correlate with final brush thickness. It would appear from the correlation plots that the XPS bromine signal has a stronger correlation with the final brush thickness than the ToF-SIMS bromine signal. We do not know the origin of the difference in performance between these measurement techniques, although we may speculate.
The ToF-SIMS data could be biased due to gas-phase secondary ion reactions or some other nonlinear effect on surface concentration versus signal intensity, which would not occur in XPS.
Alternatively, ToF-SIMS is more surface sensitive than XPS (3 nm to 5 nm vs 8 nm penetration depth, respectively) and so may be sensitive to bromine gradients developing in the film which do not affect final brush thickness. Nevertheless, it is clear that the best balance between instrument availability and predictive strength is found in XPS.
Summary and Conclusions
In this work we created bromine-bearing Br-SI films and treated them with UVO to reduce the bromine surface density and ultimately achieve a reduction of the grafting density of the PMMA brushes grown from these substrates. We have measured the effect of this UVO treatment on Br- removal. The only side-product of the process is the hydrophilic change in surface energy from the new oxygen bearing moieties, which we have identified (see Figure 4 for reference.) Using this method to reduce grafting density relative to the "native" maximum is effective, controllable, and repeatable for flat, open surfaces like the wafers used in this study. We have used UVO to ablate bromine in this study; however, we suspect that it should be broadly effective for other organic surface initiation films, such as those bearing nitroxide or trithiocarbonate groups. We have already used this process to control grafting density for an upcoming manuscript, 27 and we hope other investigators will find it useful to study the effects of grafting density in their own systems.
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